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Copper  nanoparticle  electrodeposition  and  consolidation  processes  were  studied  on  boron  doped  dia-
mond  (BDD)  electrode  submitted  to hydrogen  and  oxygen  plasma  treatments.  The modiﬁed  BDD ﬁlms
were  applied  as  electrodes  for nitrate  electroreduction.  The  results  showed  that  both  treatments  have
a  strong  inﬂuence  on the  copper  deposition  and  dissolution  processes.  For BDD  treated  with  hydro-
gen  plasma  the copper  electrodeposit  was  homogeneous  with  high  particle  density.  This  behavior  was
attributed  to the  BDD  surface  hydrogenation  that  improved  its conductivity.  On  the other  hand,  theDD
opper electrodeposition
ydrogen and oxygen plasma treatment
itrate detection
treatment  with  oxygen  plasma  was  important  for the  copper  nanoparticle  consolidation  on  BDD surface,
conﬁrmed  by the  result’s  reproducibility  for nitrate  reduction.  This  performance  may  be associated  with
the  formation  of  oxygen  groups  that  can  act  as  anchor  points  for Cu-clusters,  enhancing  the  interfacial
adhesion  between  diamond  and  the metal  coating.  The  best  electrochemical  nitrate  reduction  response
was  obtained  in  acid  media,  where  occurred  the separation  of the nitrate  reduction  process  and  the  water
reduction  reaction.
© 2011 Elsevier B.V. Open access under the Elsevier OA license.. Introduction
Nitrate is considered a pollutant of water resources, and its
oncentration increase has become a worldwide problem due to
he extensive use of nitrogen fertilizers and inappropriate treat-
ent of waste water from industrial sites [1]. Considering different
ethodologies to detect and to destruct nitrate ions [2], its reduc-
ion is one of the ways for its removal from polluted waters. So, the
lectrochemical process appears as an alternative technique with
igh efﬁciency and low cost.
It is noteworthy that the efﬁciency and selectivity of electro-
hemical method are dependent on many factors. For example,
lectrode material used as a sensor. In this sense, BDD electrodes
ave singular electrochemical properties, such as, wide poten-
ial window, low background current and extreme physical and
hemical stability. So, they have appeared as a solid material for
pplication in electroanalysis, particularly, for nitrate electrochem-
cal reduction [3,4].
The  electrochemical behavior of BDD may  be improved from
he surface modiﬁcation with deposition of nanoparticle metals,
hich are responsible to increase electrocatalytic activity and, con-
equently, increasing the sensitivity and selectivity of the process.
∗ Corresponding author. Tel.: +55 12 3208 6581; fax: +55 12 3208 6717.
E-mail  address: abcouto@yahoo.com.br (A.B. Couto).
169-4332 © 2011 Elsevier B.V. 
oi:10.1016/j.apsusc.2011.07.006
Open access under the Elsevier OA license.To reduce the nitrate ion, several metals have been used like Pb,
Ni, Fe [5–7], Cu [8], Pt [9], Zn [10], Ru [11], Pd [12]. Among many
tested metals, the copper exhibits the best electrocatalytic activity
considering the kinetics for the nitrate reduction process.
Large  efforts have been made in depositing copper nanoparti-
cle on BDD surface. Several copper coating processes have been
developed, such as, photoelectrodeposition [13], sputtering [14],
electrodeposition [15], PVD [16] wetness technique [17] and elec-
troless deposition [18]. Taking into account the modiﬁed BDD
electrodes the electrochemical deposition offers good ﬁlling capa-
bility, low cost and fast alternative process to produce copper
nanoparticle modiﬁed electrode. Welch et al. [19] have studied
the in situ Cu nanoparticle deposition at diamond electrode for the
nitrate detection due to the weak interfacial contact between cop-
per and the carbon contributing to a poor adherence of copper on
diamond surface that turns it inactive when an ex situ process is
used.
Recently, in order to change the electrochemical behavior of
BDD to increase copper–carbon adherence, many kinds of surface
modiﬁcation have been attempted, including thermal, chemical,
photochemical and electrochemical treatment [20]. Plasma etch-
ing has been known to be an effective method of treatment to
be able to functionalize diamond surface. In general, plasma treat-
ments have some advantages over the others techniques commonly
used. Plasma can be conducted under controlled treatment time,
plasma power and pressure. In addition, it requires short treatment
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ime and can be applied using different gas types to obtain effec-
ive hydrogen-, oxygen-, and ﬂuorine-terminated diamond surface
21,22].
We have already observed in previous work that the deposition
nd consolidation of Cu nanoparticles in BDD electrode are strongly
ffected by its surface termination of hydrogen or oxygen [23].
hese BDD terminations also affect the electron transfer behav-
or between diamond electrode and electrolyte. In this context, the
im of this paper is to analyze the inﬂuence of hydrogen and oxygen
lasma pre-treatments on BDD surface to improve the Cu nanopar-
icle deposition and its consolidation. Besides, the dependence of
u nanoparticle consolidation was conﬁrmed by the results’ repro-
ucibility when these modiﬁed BDD electrodes were applied to
itrate reduction, at different solution pH. To our knowledge, there
s no work in the literature that provides the Cu nanoparticle con-
olidation on diamond surface using plasma pre-treatment.
.  Experimental
BDD ﬁlms were grown by hot ﬁlament-assisted chemical vapor
eposition (HFCVD) technique, activated by a gas mixture of
ethane and the reactor pressure 50 Torr was used for a substrate
emperature around 800 ◦C. The ﬁlms were deposited on the sili-
on substrate after seeding pre-treatment [24] for 7 h. Boron source
as obtained by an additional hydrogen line passing through a
ubbler containing B2O3 dissolved in methanol. The B/C ratio used
orresponds to the acceptor densities of around 1021 atoms cm−3
stimated from Raman’s measurements (not shown), which cor-
espond the highly doped diamond. According to literature this
lectrode is the doping range of semi metallic behavior [25].
The  hydrogen plasma pre-treatment on BDD surface was per-
ormed using a microwave reactor with H2 ﬂow of 100 sccm and a
ressure range from 15 to 40 Torr at a temperature around 560 ◦C
or 20 min. For the process carried out by oxygen plasma it was
sed a pulsed directly current (DC) plasma reactor, operated with
n oxygen ﬂow of 100 sccm at 700 V, working pressure range from
0−4 to 10−2 Torr for 2 min. The change in the surface atomic struc-
ure can be visualized by the contact angle of water droplets on
he surface. Whereas the H-terminated surface is hydrophobic, the
-terminated surface shows good wettability (hydrophilic). The
ontact angle (CA) was measured by a Krüss Easy Drop system in
essile drop method in an atmospheric environment. The CA mea-
urement was performed immediately after the liquid is dropped,
n order to avoid perturbation by the evaporation process.
Electrochemical measurements were made using Autolab
GSTAT 302 equipment with a three-electrode cell. The geomet-
ic area of the BDD ﬁlms in contact with the electrolyte was
.27 cm2. A platinum coil wire served as a counter electrode and
g/AgCl electrode was used as the reference electrode. The elec-
rodeposition of Cu nanoparticles on BDD ﬁlms was  performed
y chronoamperometry, at a ﬁxed potential of −0.6 V × Ag/AgCl
or a time of 60 s in a solution of 0.1 mol  L−1 HClO4 support
lectrolyte containing 0.001 mol  L−1 CuSO4. The Cu modiﬁed BDD
lms morphology was veriﬁed by a scanning electron microscopy
SEM), using a Jeol JSM-5310 microscope. Nitrate reduction exper-
ments were monitored by linear sweep voltammetry using
.1 mol  L−1 KNO3 + 0.1 mol  L−1 Na2SO4 solution and 0.1 mol  L−1
NO3 + 0.1 mol  L−1 Na2SO4 adjusted pH = 2 with H2SO4 solution.
.  Results and discussions.1.  Characterization of plasma-treated BDD surfaces
The plasma-treated diamond electrode surfaces were character-
zed by scanning electron microscopy (SEM), Raman spectroscopyFig. 1. Contact angles images for BDD electrodes: (a) BDD-H2 plasma and (b) BDD-O2
plasma.
and water contact angle measurements. Neither SEM images nor
Raman’s spectra showed no signiﬁcant change in the diamond sur-
faces after oxygen or hydrogen plasma treatment (not shown),
which indicated that the treatment did not impair the crystal qual-
ity and the morphology of the BDD surface. These results are in
agreement with many works in the literature that discuss only
the diamond functionalization process promoted by plasma pre-
treatments [21].
The  change in the surface atomic structure can be analyzed by
the contact angle of water droplets on the surface. According to
the literature, as-grown diamond surface obtained by hot ﬁlament-
assisted chemical vapor deposition technique is mainly hydrogen
terminated presenting hydrophobic character, i.e., low afﬁnity for
water [22]. As oxygen-terminated diamond ﬁlms are hydrophilic,
the formation of oxygen functionalities on H-BDD can be detected
by a modiﬁcation of the surface wettability. Fig. 1 shows contact
angle images for the BDD after hydrogen and oxygen plasma treat-
ments.
The water contact angle determined was  75.02◦ after hydrogen
plasma treatment. It was  observed that the BDD-H2 plasma pro-
moted a slightly increase on its hydrophobicity compared with the
as-grown BDD electrode. On the other hand, an abrupt decrease in
the contact angle value was  observed for BDD treated with oxy-
gen plasma (23.97◦). This surface presented more oxygen function
groups that served as active centers of water wetting.
3.2. Electrochemical properties of plasma-treated BDD electrode
in  the cooper electrodeposition
The  inﬂuence of hydrogen and oxygen plasma pre-treatment
was studied by cyclic voltammetric, at 100 mV s−1, in order to
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rig. 2. Cyclic voltammetry responses: (a) BDD-H2 plasma and BDD-O2 plasma elec-
rodes in solution of 0.1 mol  L−1 HClO4 support electrolyte containing 0.001 mol L−1
uSO4 and (b) ohmic compensation.
haracterize the process of Cu reduction and oxidation on BDD
urface. Fig. 2(a) shows cyclic voltammograms of Cu on BDD
lm in a solution containing 0.001 mol  L−1 CuSO4 + 0.1 mol  L−1
ClO4 after treatment with hydrogen and oxygen plasma. The
rocesses of deposition and dissolution are clear. However, these
esults were directly inﬂuenced by changes in surface termina-
ions caused by hydrogen and oxygen terminated diamond. The
otential sweeping started at 1.4 V × Ag/AgCl and during the scan
oward negative potentials the cathodic current start to increase
round −0.17 V × Ag/AgCl for BDD electrode treated with hydro-
en plasma. This is associated with the onset of the Cu deposition
nd the decrease of current at −0.34 V × Ag/AgCl due to the dif-
usion process. In the reverse potential scan, two crosses were
bserved according to those observed by Fletcher et al. [26]. The
ore cathodic crossing at −0.21 V × Ag/AgCl is characterized as the
ucleation (En), whereas the second crossing, at 0.03 V × Ag/AgCl
ndicates the reversible potential (Erev) of the Cu2+/Cu system.
n more positive potentials, the appearance of a peak current at
.23 V × Ag/AgCl indicates the Cu dissolution corresponding to the
u deposited during the negative potential sweep.
For the processes of Cu deposition and dissolution on BDD
reated with oxygen plasma, there was a resistive behavior of the
lectrode, probably due to surface at functionalization with oxygen,
hich varied the conditions for layer double charging. For potential
t −0.06 V × Ag/AgCl the Cu deposition process takes place, cor-
esponding to a more positive region, compared to that for BDDence 257 (2011) 10141– 10146 10143
electrode  treated with hydrogen plasma, indicating a more favor-
able energy condition for this process. Reversing the potential scan
a cathodic current is still observed, but the nucleation loop is not
noted. For potential at 0.03 V × Ag/AgCl the Cu dissolution process
takes place.
Signiﬁcant observations may  be done when the ohmic compen-
sation was  made in these curves (Fig. 2(b)). For BDD treated with
oxygen plasma an increase in a cathodic current is observed since
for the onset scan, at 1.4 V × Ag/AgCl, associated with the reduction
of cupric to cuprous ions (reaction (1)) followed the dispropor-
tionation according to the reaction (2). Grujicic and Pesic [27] also
veriﬁed similar behavior in their study involving Cu electrodeposi-
tion on vitreous carbon at pH = 4.
Cu2+ + e− → Cu1+ (1)
2Cu+ → Cu0 + Cu2+ (2)
It  is interesting to point out that the cathodic current peak
regarding Cu2+/Cu process is the same for both electrodes, show-
ing that these processes are strongly inﬂuenced only by the BDD
crystalline structure and not by its type of surface termination.
However, the dissolution processes were quite different, where
the onset dissolution process in BDD O2 plasma is more difﬁcult to
occur due to the strong interaction between Cu and oxygen termi-
nation produced by oxygen plasma treatment. Regarding only the
anodic current for both electrodes, the BDD H2 plasma presents a
well deﬁned and narrow peak characteristic of the principal reac-
tion of Cu/Cu2+ Otherwise, for BDD O2 plasma the behavior of
anodic current presents a peak widening, which may  be attributed
not a unique process of Cu/Cu2+, but refers to a mixture of two  pro-
cesses of Cu/Cu2+ and Cu+/Cu2+. The last one was enhanced by the
oxygen presence, which demands more energy for Cu dissolution.
3.3.  Copper nanoparticles deposition and nitrate detection
Fig.  3 shows the SEM images of BDD surface after Cu deposi-
tion where images (a) and (b) refer to the BDD previously treated
with hydrogen and oxygen plasma, respectively. Fig. 3 shows the
surface modiﬁcation of Cu nanoparticles resulting in a morphol-
ogy composed of rounded grains distributed throughout the BDD
surface. According to Fig. 3(a), the BDD treated with hydrogen
plasma exhibits the highest density and best homogeneity of Cu
nanoparticles on the electrode surface, while for the BDD  treated
with oxygen plasma (image b) the electrodeposits were dispersed
with low particle density. This morphological difference between
two electrodes, concerning the homogeneity and the Cu deposit
densities, can be attributed to the better conductivity of the elec-
trode pretreated with hydrogen plasma, conﬁrmed by contact angle
measurements.
Cu electrodeposited on the BDD electrode surface can catalyse
the electroreduction of nitrate. Then the stability of these nanopar-
ticles on the ﬁlms was  evaluated from successive linear sweep
voltammetry measurements for the reduction of nitrate, shown
in Fig. 4(a) and (b) for BDD treated with hydrogen and oxygen
plasma, respectively. For both electrodes, the cathodic currents for
Na2SO4 are associated with water reduction. When the nitrate is
added, a shift toward more positive potential and an increase of
cathodic current are observed. This behavior implies that part of the
process involved in the cathodic current is associated with water
reduction reaction, and another part refers to the nitrate reduc-
tion. In the subsequent scans of nitrate reduction, the cathodic
current decreased for BDD treated with hydrogen plasma. Con-
versely, for the BDD treated with oxygen plasma the reproducibility
is evident and a small shoulder appears at around −0.9 V × Ag/AgCl,
indicating that the copper nanoparticles were consolidated in the
electrode surface. This can be explained by the functionalization
10144 A.B.  Couto et al. / Applied Surface Science 257 (2011) 10141– 10146
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(a)
(b)
H2NO(ads) + 4H + 3e → H2O + NH4 (7)ig. 3. SEM images of BDD-H2 plasma (a) and BDD-O2 plasma (b) electrodes after
u  nanoparticle electrodeposits.
ith oxygenated groups from the treatment with oxygen plasma
hat may  form hydroxyl, carboxyl and carbonyl groups on BDD
urface responsible for increasing the adhesion of Cu on the BDD
urface. The similar behavior was veriﬁed by Córdoba and Odén
28] in their study of Cu deposition on carbon nanoﬁbers.
As  discussed above, the hydrogen plasma increased the deposits
f copper while oxygen plasma treatment was effective to consol-
date these particles on the BDD surface. Considering these results
 new deposition was carried out consisting of two  steps. In the
rst one, hydrogen plasma was used as a pre-treatment on BDD
urface followed by the Cu nanoparticle electrodeposition. This pro-
edure assured the Cu nanoparticle density increase. The second
tep was to submit this modiﬁed diamond/Cu electrode to oxygen
lasma pretreatment to assure the Cu nanoparticle consolidation.
o, both procedures were applied subsequently for the same sam-
le. Its SEM morphology is shown in Fig. 5 presenting a high density
nd homogeneity of Cu nanoparticles, as expected.
It is known that the nitrate reduction mechanism strongly
epends on the electrolyte pH [29]. Particularly, Cu in acid media is
ery active in nitrate ion reducing to NH3 [30]. Taking into account
his behavior, the nitrate detection using the modiﬁed BDD/Cu ﬁlm
escribed in previous paragraph, was performed adjusting the pHFig. 4. The response of diamond Cu modiﬁed electrodes for 0.1 mol  L−1 Na2SO4 and
for  nitrate reduction in solution of 0.1 mol L−1 KNO3 + 0.1 mol  L−1 Na2SO4. (a) BDD-
H2 plasma and (b) BDD-O2 plasma.
of the support electrolyte at pH = 2 with H2SO4 solution. Fig. 6
shows the linear sweep voltammetry for nitrate detection in acid
media. The separation of the nitrate reduction process and water
reduction reaction was  observed. This refers to the formation of a
cathodic current peak at −0.7 V × Ag/AgCl concerning the nitrate
reduction followed by an abrupt increase in the cathodic current at
−0.9 V × Ag/AgCl due to hydrogen evolution.
According to the literature, the proposed mechanism for nitrate
reduction in acid media involves two routes. One refers to adsorbed
NO, leading to ammonia formation while another is from NO
in solution, leading to N2O and N2 formation [11]. The rate-
determining step in the sequence of reactions in the nitrate
reduction occurs during its conversion to nitrite and this is quickly
followed by reaction of NO(ads) formation:
NO3− + 2H+ + 2e → NO2− + H2O (rate-determining) (3)
NO2− + 2H+ + e → NO(ads) + H2O (fast) (4)
NO(ads) can react to form NH4+ by two  different routes repre-
sented by the following equations:
NO(ads) + H+ + e → HNO(ads) (5)
HNO(ads) + H+ + e → H2NO(ads) (6)
+ +NO(ads) + H+ + e → NOH(ads) (8)
NOH(ads) + 2H+ + 2e → NH2OH (9)
A.B. Couto et al. / Applied Surface Sci
N
N
N
N
H
N
s
b
t
B
B
m
F
t
KFig. 5. SEM images of BDD-H2 plasma/Cu deposited/BDD-O2 plasma.
H2OH + 3H+ + 2e → H2O + NH4+ (10)
Or NO could in principle to desorb and to react to form N2O and
2 where the mechanism is not completely clear:
O(ads) → NO(sol) (11)
O(ads) + NO(sol) + H+ + e → HN2O2(ads) (12)
N2O2(ads) + ? → N2O + ? (13)
2O + 2H+ + 2e → H2O + N2 (14)
Likewise, for pH = 2, the subsequent LV scans in nitrate solution
howed that the measurements were reproducible (Fig. 6). Proba-
ly, this effect was promoted by the treatment with oxygen plasma
hat formed carboxylic, carbonylic and hydroxylic groups on the
DD surface which served as anchor points for Cu-clusters on the
DD enhancing the interfacial adhesion between diamond and the
etal coating.
ig. 6. The response of BDD-H2 plasma/Cu deposited/BDD-O2 plasma elec-
rode  for 0.1 mol  L−1 Na2SO4 and for nitrate reduction in solution of 0.1 mol  L−1
NO3 + 0.1 mol −1 Na2SO4 adjusted pH = 2 with H2SO4 solution.
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4. Conclusions
This study showed that copper nanoparticles electrodeposition
process and their consolidation on BDD are strongly affected by
the ﬁlm surface treatments. Cyclic voltammetry results for cop-
per deposition on BDD treated with oxygen plasma showed that
the onset potential for cathodic current was earlier than that for
plasma hydrogenated BDD. This behavior was  attributed to the
reduction of cupric to cuprous ions followed by the metallic Cu
disproportionation. Furthermore, for oxidized BDD, the dissolu-
tion process occurred at more positive potential due to the strong
interaction between Cu and oxygen termination. The SEM images
showed a lower density of Cu electrodeposits for BDD treated with
oxygen plasma than that for BDD treated with hydrogen plasma.
Concerning the nitrate reduction process, the BDD treated with
oxygen plasma presented the best response and reproducibility.
This result was associated with the oxygen functionalities induced
by the pretreatment on its surface that serves as anchor point for
Cu nanoparticle. The activity of BDD/Cu electrode in the nitrate
reduction in acid media is signiﬁcantly higher than that in neutral
media.
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